Baleen whales can be regularly observed in the Celtic Sea, however little is known about their local foraging behaviour. The study objective was to determine whether or not baleen whales selectively prey upon particular forage fish species or, on the contrary, is predation on the Celtic Sea plateau driven by random encounters between prey and predator? Concurrent sighting surveys for fin, minke and humpback whales (Balaenoptera physalus, Balaenoptera acutorostrata and Megaptera novaeangliae) were carried out simultaneously from 2007 to 2013 during dedicated fisheries acoustic surveys assessing the abundance and distribution of forage fish. Probabilities of spatial overlap between baleen whales and forage fish were analysed and compared to the probability of a random encounter. For estimations of foraging threshold and prey selectivity, average fish biomass and fish length were calculated when baleen whales and forage fish co-occurred. Whales were dominantly observed in areas with herring (Clupea harengus) and sprat (Sprattus sprattus), while areas with mackerel (Scomber scombrus) were not targeted. A prey detection range of up to 8 km was found, which enables baleen whales to track their prey to minimise search effort. Fish densities within the defined foraging distance ranged from 0.001 to 3 kg m -2 and were correlated to total fish abundance. No prey size selectivity according to fish length was found. By linking baleen whale distribution to high-density herring and sprat areas it was possible to identify the Celtic Sea as a prey hot spot for baleen whales during autumn.
Introduction
Baleen whales undergo annual long-distance migrations from mating and calving grounds to nutrient-rich feeding grounds at high latitudes to feed on zooplankton and small pelagic fish (Corkeron and Connor 1999; Clapham 2001; Kennedy et al. 2013) . Within a conceptual foraging model, large migrations of several thousands of kilometres can be seen as the first spatial scale of foraging strategies (Kenney et al. 2001; Hazen et al. 2009 ). The spatial meso-scale is within hundreds of kilometres to select a prey hot spot (an area with potentially high prey densities), while individual foraging events take place on the scale of less than 10 km (Kenney et al. 2001; Hazen et al. 2009 ). As prey abundance decreases in space and time, it can become advantageous for an animal to leave and to explore new areas, if the potential value of the new area promises a net energetic gain (Charnov 1976; Pyke et al. 1977) . Tagging and mark/recapture studies have shown that baleen whales visit several prey hot spots within the same region, but also leave an area to discover new hot spots, which involves longer travelling distances (Watkins et al. 1996; Zerbini et al. 2006; Witteveen et al. 2008; Olsen et al. 2009; Silva et al. 2013; Feyrer and Duffus 2015; Kennedy et al. 2014 ). Prior knowledge due to matrilineal learning and site fidelity (the recurring search within a certain area) can help baleen whales to accept or reject possible areas before visiting, thereby attempting to prevent a negative energy balance (Pyke et al. 1977; Kenney et al. 2001 ).
Baleen whales can shape an ecosystem on multiple levels, for instance by acting as nutrient vectors and apex predators (Roman et al. 2014; Willis 2014 ). Therefore baleen whales should be given attention as top predators within the assessment of an ecosystem, and baleen whale impacts on prey population dynamics should be explored within ecosystem-based fishery management (Engelhard et al. 2014; Link and Browman 2014; Travis et al. 2014) . Results from photo-id surveys within the Celtic Sea have demonstrated inter-annual resighting of both humpback (Megaptera novaeangliae) and fin whales (Balaenoptera physalus) (Whooley et al. 2011; Ryan et al. in press ), D r a f t 4 suggesting some seasonal site fidelity within and between years. Understanding the habitat utilisation of baleen whales, based on local, small-scale behaviour traits including prey selectivity, foraging thresholds and foraging duration, can help to characterize links across trophic levels in the Celtic Sea. Such an understanding of trophic chains and the respective indication of conflicts due to resource competition can assist ecosystem-based fisheries management.
Atlantic herring (Clupea harengus), European sprat (Sprattus sprattus) and Atlantic mackerel (Scomber scombrus) are abundant pelagic fish species in the Celtic Sea, which support large-scale fisheries (Marine Institute 2013). Small pelagic fish are defined as forage fish because of their dense schooling behaviour and position in the trophic food web as common prey for higher trophic levels (Engelhard et al. 2014; Pikitch et al. 2014) . The only reported in-situ diet analysis of baleen whales in the Celtic Sea based on stable isotope analysis showed a preference by fin and humpback whales for sprat and juvenile herring (Ryan et al. 2014) . Are whales intermittently preying on forage fish while coincidently passing the Celtic Sea during migration? Or is the Celtic Sea plateau a prey hot spot where baleen whales are associated with herring, sprat and mackerel?
Referring to seven years of synoptically observed predator and prey distributions, we analysed the spatial overlap of fin, minke (Balaenoptera acutorostrata) and humpback whales, which are the most common baleen whales recorded in the Celtic Sea, with the presence of herring, sprat and mackerel.
Further, where spatial overlap occurred, we calculated the average biomass and average length of forage fish in proximity to the whale sighting. With this approach, we sought to explore the habitat use of baleen whales in relation to commercially exploited forage fish in the Celtic Sea, and to provide baseline information for ecosystem management considerations.
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Materials and Methods
Fish data acquisition
Acoustic data were collected from 2007 to 2013 during the annual Celtic Sea Acoustic Herring Survey, which occurs over 21 consecutive days each October in the Celtic Sea along the southern Irish coast. A calibrated Simrad EK60 echosounder recorded acoustic data continuously along predetermined transect lines with four frequencies (18, 38, 120 and 200 kHz) . NASC (Nautical Area Scattering Coefficient) data were obtained and integrated over the local depth and 1.85-km horizontal segments into effort blocks known as elementary distance sampling units (EDSUs).
Echograms were identified to species level based on species-specific acoustic signals and echotrace recognition, and ground-truthed with directed fishing tows (O'Donnell et al. 2013) . Only echotraces that were positively identified as herring or sprat were analysed in this study (O'Donnell et al. 2013) .
EDSU values for herring and sprat were transformed into fish abundance per square metre. The average fish length ‫,ܮ(‬ in cm) for each species from the closest geographical trawl to the respective EDSU was used to calculate the target strength (ܶܵ), which indicates the species-specific strength of the acoustic echo (Simmonds and MacLennan 2005) . At 38 kHz the TS used for herring and sprat was:
No 38-kHz frequency data were available from 2010 due to a technical defect, so the 18-kHz signal and an adjusted TS/length relationship for herring with ܶܵ = 20 log ‫ܮ‬ − ‫ܤ݀7.96‬ was used instead (Saunders et al. 2012) . No abundance was estimated in 2010 for sprat, however the echotraces were used for the presence/absence analysis. Abundance was multiplied by the average fish weight, taken from the nearest trawl to obtain fish biomass ‫,ܤ(‬ in kg m -2 ) (Simmonds and MacLennan 2005 however most individuals were solitary and the largest group contained 10 individuals, which was recorded only once.
Analysis of spatial overlap and fish biomass within proximity
Fish biomass within the area around the observed whale sighting can identify a biomass target and foraging threshold of baleen whales. Therefore whale sightings were aligned with the acoustic dataset from the respective year, and fish biomass was calculated for circular areas ‫ܤ(‬ , in kg m -2 ) with different radii (ܴ=2, 4, 6, 8, 10, 14, 16, 18, 20, 25 and 30 km) centred on the whale sighting.
Biomass was averaged for each transect within the circle ‫ܤ(‬ ௧ , in kg m -2 ) and weighted with the EDSU distance of 1852 m and transect length (݈ ௧ , in meters):
To obtain ‫ܤ‬ , average ‫ܤ‬ ௧ was weighted with ݈ ௧ and the total transect length within the circle (݈ , in meters); then the respective biomass estimate was applied to the surface area:
For each whale sighting, the presence of fish (defined as ‫ܤ‬ > 0) was recorded for each radius and target fish species. The proportion of positive spatial overlap between whale sighting and fish was calculated for a total of 113 sightings over seven years. To test if any spatial overlap of baleen whale and pelagic fish species was coincidental, whale sightings were replaced by random points on the ship transect. Presence/absence analysis for each radius was repeated 200 times for the simulated random whale presences. The probabilities of a positive fish biomass per whale location (observed vs. simulated sighting) being significantly different from random were tested with a two-sided probability test of success (function prob.test, "stats" package, R software). When the test of disparity of probabilities was significant (p < 0.05), the null-hypothesis was rejected, meaning that spatial co-occurrence was not coincidental.
Analysis on size selection by baleen whales
Average fish length ‫ܮܶ(‬ തതതത ) and standard deviation were calculated for fish proximal to a whale sighting to explore if whales preferentially associate with certain prey sizes. The total length values recorded from the fishing trawls during the survey were averaged:
• ‫ܮܶ‬ തതതത ௦ : average fish length from the trawl geographically closest to the whale observation;
here called "observations";
• ‫ܮܶ‬ തതതത ௦ : average fish length from the trawl geographically closest to the simulated whale location; here called "simulations";
• ‫ܮܶ‬ തതതത ௨ : average fish length from all trawls in the study area; here called "full survey";
‫ܮܶ‬ തതതത ௦ provided information on the size distribution close to a whale sighting and thus could indicated a possible prey size selection by baleen whales. ‫ܮܶ‬ തതതത ௦ represented a random selection from the stock and therefore should be similar to ‫ܮܶ‬ തതതത ௨ . ‫ܮܶ‬ തതതത ௦ , ‫ܮܶ‬ തതതത ௦ and ‫ܮܶ‬ തതതത ௨ were calculated for each survey year and compared using a Tukey Honestly Significant Difference test.
All analyses were carried out using the open source statistical software "R" (http://cran.rproject.org).
Results
Spatial overlap between baleen whales and forage fish
A total of 113 baleen whale sightings was recorded from 2007 to 2013 (Table 1 ). The proportion of positive co-occurrence was calculated for a circular area centred on a whale sighting with increasing distances (2 to 30 km). With increasing distance, the proportion of spatial overlap increased ( Figure   1 ). The proportion of spatial overlap of a sighting close to herring and sprat was similar over the distances. The highest proportions of spatial overlap were found when fish species were combined as forage fish (Figure 1 ). Proportions obtained from simulated random whale sightings showed the same pattern of increasing spatial overlap with radius ( Figure 1 ). However, a comparison of proportions of overlap showed significant differences between observed and simulated data up to a distance of 8 km ( Figure 1 , Table 2 ). Within 8 km of a sighting, the null-hypothesis could be rejected,
suggesting that occurrence of a whale sighting in proximity to herring and sprat did not occur by chance (Table 2 ). For distances larger than 8-km, no difference between observed and simulated cooccurrence events was detected (p > 0.05, Table 2 ), implying that any spatial overlap of predator and prey over larger distances was coincidental. The highest significant proportion of spatial overlap was 0.83 with a distance of 8 km of a sighting. In other words 94 of 113 whale sightings were recorded in proximity to forage fish ( Table 2 ). The spatial overlap between mackerel and whale sighting was not significant for any distances (p > 0.05, Table 2 ). In the Celtic Sea, baleen whales appeared to occur in in the proximity to forage fish without differentiation between herring and sprat, while mackerel did not appear to be targeted ( Figure 2 ).
Fish biomass within foraging distance
The acoustic biomass of herring and sprat was calculated within the circular area with an 8-km 
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Fish size in proximity of each whale sighting
Average fish length for herring and sprat was calculated for fish within 8 km of a whale sighting and each simulated sighting location; and then compared to the total average fish length of the survey for each year. No significant differences in average length between the three groups were found ( Figure 5 ). In more detail, no significant difference was detected for ‫ܮܶ‬ തതതത ௦ compared to ‫ܮܶ‬ തതതത ௨ for either herring or sprat (p=0.68 and p=0.78 respectively; Figure 5 ). ‫ܮܶ‬ തതതത ௦ in proximity to the observed whale sightings followed the distribution of the surveys, without general significant differences to ‫ܮܶ‬ തതതത ௨ (p=0.99 for herring and p=0.53 for sprat).
Discussion
Over 80% of the baleen whale sightings were recorded in close proximity to herring and sprat (56% and 52% respectively). No significant spatial overlap was found for mackerel and baleen whales. The highest proportion of significant spatial overlap of prey and predator occurred within a distance of 8 km. Fin and minke whales were sighted in areas with high herring density in years where acoustic densities of herring were correspondingly high. Sprat was targeted in all years by minke whales;
however only in years with high sprat biomass survey estimates was sprat also targeted by fin whales. No significant difference in the fish length distribution in proximity to whales (to 8 km) and fish that were encountered without a simultaneous baleen whale sighting was found.
In the literature prey density distribution and environmental descriptors like sea surface temperature are used as explanatory factors in multivariate regression analysis to analyse whale distribution on feeding grounds (e.g., Friedlaender et al. 2006; Ingram et al. 2007; Hazen et al. 2009; Laidre et al. 2010; Anderwald et al. 2012; Nøttestad et al. 2014) . In some cases, no or only weak D r a f t spatial overlap of prey and baleen whales was found, which could be due to mis-matches in spatial and temporal resolution in the data (Laidre et al. 2010; Nøttestad et al. 2014) . Annual surveys provide a snapshot of the ecosystem in time and hence spatial overlap of both moving predator and prey could easily be missed. With the prior understanding of herring distribution in the Celtic Sea in October, we expect that baleen whale distribution would follow the patchy distribution of its prey (Volkenandt et al. 2015) and would be less influenced by a continuous variable like temperature, which has less variability in this area compared to that encountered by baleen whales during migration (Piatt et al. 1989) . Here the spatial and temporal overlap of predator and prey was enforced by taking raw sighting data, i.e., the sighting coordinates and prey abundances in the surrounding, rather than taking sightings per survey unit or per grid cell. The acoustic survey for Celtic Sea herring provided a valuable opportunistic platform for obtaining high-quality fish distribution and abundance information with synoptic observations of baleen whale occurrence and allowed to identify the Celtic Sea plateau as a prey hot spot for baleen whales in autumn.
Spatial overlap of baleen whales and forage fish
With the analysis of increasing radii centred on a whale sighting, the spatial resolution of overlapping predator and prey distributions was identified. Overlap with fish farther than 8 km from the sighting statistically resembled a coincidental spatial overlap. Within the concept of prey detection and foraging on a local scale (Kenney et al. 2001 ), a maximum distance between predator and prey of less than 10 km could be the limit of baleen whale detection range. Visual and acoustic cues originating from forage fish and other predators like foraging seabirds, dolphins and other baleen whales (Watkins and Schevill 1979; Anderwald et al. 2011) , could be received within this distance and attract baleen whales to the prey source. Once detected and encountered by the whale, fish schools can be tracked and preyed on, while energetic costs for a new search effort and relocation can be reduced. Minke and humpback whales have swimming speeds of 3 to 6 km h -1 and D r a f t could cover 2 to 8 km within 30 minutes to 2 hours respectively, while fin whales have faster swimming speeds of up to 20 km h -1 thus could swim 8 km in less than 30 minutes (Markussen et al. 1992; McDonald et al. 1995; Goldbogen et al. 2006; Kennedy et al. 2013; Silva et al. 2013; Risch et al. 2014) . A distance of less than 10 km appears to be a profitable and easily reachable distance for foraging by staying close-but not too close-to prey.
Whale sightings were predominantly recorded in close proximity to fish, but not all whale sightings corresponded to actual observed foraging behaviour. In fact, foraging was only observed in 20 out of the 113 sightings. Diving and foraging have a high metabolic cost (Goldbogen et al. 2006 (Goldbogen et al. , 2008 and single foraging dives are often separated by several minutes of rest close to the surface (Goldbogen et al. 2013) . Considering that both the whale and the prey target are mobile, foraging events can occur on the scale of several kilometres (Kenney et al. 2001; Hazen et al. 2009; Friedlaender et al. 2015) . Most feeding activities of baleen whales happen below the sea surface and are therefore less likely to be observed from a ship (Watkins and Schevill 1979) , which could have further reduced the proportion of recorded feeding events during the surveys.
Significant spatial overlap of baleen whales with prey was found for herring and sprat, which are known prey items of baleen whales in the region and the neighbouring North Sea and North Atlantic (Haug et al. 1997; Olsen and Holst 2001; Pierce et al. 2004; Ryan et al. 2014) . Proximity of baleen whales to mackerel was not significantly different to a coincidental encounter in the Celtic Sea.
Mackerel has been found as prey together with other species in one out of 15 minke whale stomachs (Olsen and Holst 2001) and has been mentioned as prey for humpback whales (Clapham 2009 ). Their infrequency in stomach contents of baleen whales together with the non-significant spatial overlap in the Celtic Sea, indicates that mackerel itself is not a main prey target, but may be consumed while preying on mixed fish schools in the region during autumn. Direct observations of mackerel made over successive years during the survey found this species to form low-density and widely dispersed layers as compared to the larger, high-density localised schools formed by herring D r a f t 13 and sprat. Mackerel are fast swimmers, due to the larger body size compared to the clupeids. Hence foraging on mackerel could require a higher effort and could be less rewarding energetically compared to foraging on herring and sprat, which at this time of the year can be considered a more optimal prey.
Another explanation why more baleen whales were observed in areas with herring and sprat than mackerel could be due to a higher detectability of the clupeid species. Sounds and visual cues produced by the flow of air bubbles out of the swimbladder in herring and sprat could have facilitated the detection of clupeid species for baleen whales and other predators, which can further intensify the cues, e.g., foraging seabird flocks (Wahlberg and Westerberg 2003; Wilson et al. 2004; Hahn and Thomas 2008) . Mackerel do not possess a swimbladder and could therefore be more difficult to detect for predators. More research is required to explore how baleen whales are attracted to prey, and to define the role of prey accessibility (i.e., foraging effort and cost) and prey detectability (e.g., cues by the prey species itself or foraging predators) within the foraging strategy of baleen whales.
Fish biomass and average length within an 8-km foraging distance
Within ecosystem-based fishery management, the uncertainty in baleen whale energetic requirement and consumption rate estimates complicates a comparison of fisheries exploitation and baleen whale consumption of the same resources. Smith et al. (2015) a circular area to obtain these estimates, but it has to be noted that forage fish did not form a continuous prey field and that biomass was built from several separated fish schools of different densities (Volkenandt et al. 2015) . Baleen whales require high-density schools within prey patches to obtain a high energetic return of metabolically expensive bulk filter-feeding strategies (Goldbogen et al. 2008; .
Herring and sprat biomass determined by the acoustic survey for the research area increased over time. Herring biomass was sufficiently high in all years to enable foraging with a high energetic net return. Fin whales did not target sprat in the years of low sprat stock biomass encountered during the survey. At the start of the time series, sprat biomass could have been too low, and school density and school size could have been insufficient to provide an efficient energetic return for fin whale foraging. Energetic costs for foraging and diving are related to body size in baleen whales (Goldbogen et al. 2012) ; hence, the lower sprat biomass in early years could have been satisfactory for the smaller minke whale (which was recorded in areas with sprat in all years), but not for the larger fin whale. The absence in low-sprat biomass areas and the presence of fin whales in high-prey biomass areas support the theory of a suggested prey biomass and foraging threshold for baleen whales (Piatt and Methven 1992; Goldbogen et al. 2011; Feyrer and Duffus 2015; Friedlaender et al. 2015) .
A comparison of average fish length in proximity to baleen whales and the overall fish length distribution showed no significant differences and any prey size selection was not apparent. This suggests that baleen whales consumed forage fish of all lengths in the Celtic Sea. The numerous pairwise comparisons in the analyses increased the chance of making a type I error, being the incorrect rejection of the null hypothesis. Therefore additional data, e.g., otoliths from stomach contents of stranded whales, would be needed to improve the power of the analysis on prey size selectivity; however such data are difficult to obtain. To date, the only available data on baleen D r a f t whale diets (based on stable isotope analyses) in the Celtic Sea indicated a selectivity for smaller fish (sprat and juvenile herring) followed by larger herring (age 2 to 4) (Ryan et al. 2014) . These two groups represent the dominant size classes of the forage fish community in the Celtic Sea (HAWG 2014) . Based on our spatial analysis and the available stable isotope results, we suggest that baleen whales non-selectively target herring and sprat in autumn in the Celtic Sea.
Optimal foraging theory predicts that prey abundance, prey depletion over time, and energetic costs of travelling to a new area define the net energetic gain for baleen whales (Charnov 1976; Pyke et al. 1977) . A negative energy balance, e.g., via prey depletion and an increased effort for foraging (due to less dense fish schools occurring after the spawning period) could result in the decision of baleen whales to leave the Celtic Sea plateau. Hence, more information on arrival and departure of baleen whales is needed to define baleen whale residence time in the Celtic Sea. 
